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Abstract
Selective breeding has led to modifications in the genome of many livestock breeds. In this study, 
we identified the genomic regions that may explain some of the phenotypic differences between two 
closely related breeds from Sardinia. A total of 44 animals, 20 Sardinian Ancestral Black (SAB) 
and 24 Sardinian White (SW) were genotyped using the Illumina Ovine 50K array. A total of 68, 38 
and 15 significant markers were identified using the case-control genome-wide association study 
(GWAS), the Bayesian population differentiation analysis (FST) and the Rsb metric, respectively. 
Comparisons among the approaches revealed a total of 22 overlapping markers between GWAS and 
FST and one marker between GWAS and Rsb. Three markers detected by Rsb were also located near 
(< 2 Mb) to highly significant egions identified by GWAS and FST analyses. Moreover, one 
candidate marker identified by GWAS and FST approaches was located in a run of homozygosity 
island that was shared by both breeds. We identified several genes involved in many phenotypic 
differences (such as stature and growth, reproduction, ear size, coat color, behavior) between the 
two analyzed breeds. This study shows that combining several genome-wide approaches could 
improve discovery of regions involved in the variability of breeding traits and responsible for the 
phenotypic diversity even between closely related breeds. Overall, the combination of such 
genome-wide methods can be extended to other livestock breeds that share between them a similar 
genetic background, to understand the process that shapes the patterns of genetic variability 
between closely related populations.
KEYWORDS: Genome-wide methods, genomic regions, Sardinian sheep breeds, Ovine 
BeadChip50K
1. INTRODUCTION
Artificial selection in livestock species has led to modifications in the genome of the different 
breeds (Groeneveld et al., 2010). The identification of genomic regions subject to selection may 
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help to understand the processes involved in genome evolution as well as in the discovery of genes 
affecting traits of economic and ecological interest (Hayes et al., 2008; Qanbari & Simianer, 2014). 
The availability of SNP (Single Nucleotide Polymorphism) panels consisting of thousands of 
markers has greatly improved the power of genome-wide studies allowing the identification of 
highly differentiated genomic regions between breeds. In sheep, several studies have been 
conducted to identify the genomic regions involved in breed-associated phenotypic differences (e.g 
Kijas et al., 2013; Fariello et al., 2014; Ahbara et al., 2019). Many of these studies are performed 
based on the comparison among genetically distant breeds. In fact, few studies have been carried 
out in sheep that have investigated closely related breeds (Rochus et al., 2018; Ruiz-Larrañaga et 
al., 2018).
Sardinia is the second largest island in the Mediterranean and is well known for its long‐established 
sheep farming. The Sardinian White (SW), a hornless breed with white fleece, selected since the ’30 
for milk production, represents nearly the totality of the insular population with about 3 million 
sheep reared. Besides that, a second autochthonous dairy breed is also reared in the island: the 
Sardinian Ancestral Black (SAB), also known as “Pecora Nera di Arbus”. This breed was officially 
recognized in 2008 as endangered  by the Italian Ministry of Agriculture. SAB population is 
estimated to be approximately 4,000 ewes farmed in about 60 flocks over the whole territory 
(ASSONAPA, 2012 – http:// www.assonapa.com). The two breeds are reared separately, and cross-
breeding is not practiced, or at least not recorded. The main features of SAB animals are black 
ﬂeece and the presence of some ancestral traits such as small size, small or absent auricles and high 
frequency of horns both in males and females (Piras et al., 2009). Detailed information on 
phenotypic characteristics of the SAB were reported by Piras et al. (2009). The ancestral traits 
suggest that this breed escaped the selection process that shaped the predominant white strain of 
Sardinian sheep (Piras et al., 2009). The two breeds differ in terms of size, color, horn shape and 
productive traits. The milk production per lactation is around 180 L for SAB, that is about 20-30 % 
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lower than that of the improved SW (Carta et al., 2004). Furthermore, the SAB sheep have been 
adapted to exploit marginal areas which are mainly hill pastures. 
Evidences from a previous study on Italian sheep genome-wide diversity support the hypothesis that 
the two insular domestic breeds are genetically very close (Ciani et al., 2014). Thanks to their 
features (phenotypic differentiation in spite of a shared genetic background), the two breeds provide 
an interesting model for investigating the genomic regions under selection, i.e. the genomic regions 
with high genetic differentiation between SAB and SW. In fact, genetic variations in breeds with 
the same production aptitude and low genetic differentiation can be related to differences in their 
selection history. Therefore, the main objective of the present study was to identify genomic regions 
that may explain some of the phenotypic differences observed between the two Sardinian sheep 
populations using the Illumina Ovine SNP50 BeadChip genotyping data.
2. MATERIALS AND METHODS
2.1 DNA samples, genotyping and quality control 
SNP genotypes at the Illumina OvineSNP50 BeadChip were obtained from Ciani et al. (2014) for 
24 SW, and from the ISCG HapMap project (Kijas et al., 2012) for SAB. Chromosomal coordinates 
for each SNP were obtained from the Oar_v4.0 ovine (Ovis aries) genome sequence assembly. We 
used PLINK v1.07 software (Purcell et al., 2007) to perform quality control. Only SNPs located on 
autosomes were considered. We removed SNPs with a call rate lower than 95% and minor allele 
frequency lower than 5%, and animals with more than 10% of missing genotypes.
2.2 Genome-wide association study
As first approach, we performed an allele-genome-wide association study (GWAS) using the 
univariate case–control model (SAB vs. SW) of the SNPassoc R package (Gonzalez et al., 2007), as 
previously done in other studies to identify genomic regions involved in phenotypic differentiation 
(Kumar et al., 2018; Mastrangelo et al., 2019). We used Bonferroni-corrected thresholds to 
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determine the genome-wide significance threshold, that was defined as 0.01/N (N being the number 
of tested SNPs).
2.3 FST analyses
SNP genotypes were used to estimate differentiation of allele frequencies between SAB and SW. 
The FST -outlier approach implemented in the BayeScan software (Foll & Gaggiotti, 2008) was 
adopted to identify loci under selection, i.e., loci showing FST values significantly higher than those 
expected under neutrality and a given demographic model. Standard PLINK files were converted to 
the BayeScan format using the PGDSpider v 2.0.7.3 software (Lischer & Excoffier, 2012). 
BayeScan analyses comprised 20 pilot runs of 5,000 iterations, a burn-in of 50,000 iterations, a 
thinning interval of 10 (5,000 iterations were used for the estimation of posterior odds) with a 
resulting total number of 100,000 iterations. To control the number of false positives, significant 
SNPs were defined by applying a q-value threshold of 0.05.
2.4 Rsb analysis
Extended haplotype patterns were investigated using the Rsb statistics (Tang et al., 2007). As a 
prerequisite to the Rsb analyses, haplotypes were reconstructed from the genotyped SNPs using 
fastPHASE 1.4 (Scheet & Stephens, 2006). The following options were used for each chromosome: 
-T20 -Ku20 -Kl4 -Ki2. Rsb analyses were conducted between the two Sardinian breeds using the 
rehh package (Gautier & Vitalis, 2012). A Z-test was applied to identify statistically significant 
SNPs under selection between SAB and SW breeds. One-sided p-values were derived as 
pRsb=−log10[1-2|Φ(Rsb)-0.5| where Φ (x) represents the Gaussian cumulative distribution function. 
A p-value of 0.001 was used as a threshold to define significant Rsb values.
2.5 ROH islands
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Runs of homozygosity (ROHs) were estimated for each sample using PLINK 1.7 (Purcell et al., 
2007). The minimum length that constituted the ROH was set to 1 Mb. The following criteria were 
also used: (i) one missing SNP was allowed in the ROH, and up to one possible heterozygous 
genotype; (ii) the minimum number of SNPs that constituted the ROH was set to 30; (iii) the 
minimum SNP density per ROH was set to one SNP every 100 kb; (iv) the maximum gap allowed 
between consecutive homozygous SNPs was 1000 Kb. The percentage of SNP residing within an 
ROH was estimated by counting the number of times that each SNP appeared in a ROH and by 
dividing that number by the number of animals in each breed, thus allowing to obtain locus 
homozygosity estimates. To identify the genomic regions of “high homozygosity”, also called ROH 
islands, the top 0.9999 SNPs of the percentile distribution of the locus homozygosity range were 
selected.
2.6 Gene annotation
Annotated genes within the genomic regions that contained the significant and highly differentiated 
SNPs were obtained from Genome Data Viewer 
(https://www.ncbi.nlm.nih.gov/genome/gdv/browser/?context=gene&acc=101104604) provided by 
NCBI. A SNP was considered to be from a particular gene if it mapped within it. To investigate the 
biological function and the phenotypes that are known to be affected by each annotated gene, we 
conducted a comprehensive literature search, including information from other species.
3. RESULTS
After quality control, the final number of SNPs retained for the analysis was 42,952 and no animal 
was discarded due to poor quality genotyping. 
The GWAS analysis revealed a total of 68 highly significant Bonferroni-corrected SNPs (P < 0.01 
(-log10(P) = 6.63) located on 19 autosomes. The corresponding Manhattan plot is shown in Figure 
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1a. Among these, six markers were located within genes known to be involved in specific breeding 
traits (Table S1). 
The genome-wide distribution of pair-wise FST values was used to identify highly differentiated 
SNPs between SW and SAB. Results from the Bayesian population differentiation approach 
identified a total of 38 significant genomic regions (q-value ≤0.05) located on 16 autosomes (Table 
S2). The corresponding Manhattan plot is shown in Figure 1b. The average pair-wise FST value over 
all the SNPs was 0.06, and only a low number of markers (79) had an FST greater than  0.15. The 
locus with the highest value (0.247) was rs403993872  (chromosome (OAR) 17 (2,057,117 bp)). 
Most of the markers crossing the significance line were far from each other. Only three outlier 
genomic regions showed adjacent SNPs (Table S2). 
Plot of the Rsb values between the two Sardinian breeds over the ovine genome is given in Figure 
1c. In total, 15 candidate markers had a P-value crossing the genome-wide significance (p<0.001). 
These are located on OAR01, OAR03, OAR07, OAR11, OAR14 and OAR19. Candidate regions on 
OAR03, OAR07 and OAR14 spanned 4, 8.8 and 2.33 Mb, respectively while only a single SNP 
exceeded the threshold set for candidate regions located on OAR01, OAR11 and OAR19. Six 
among the 15 SNPs that exceeded the significance threshold, were located within protein coding 
genes (Table S3).
The comparison among the different analyses revealed a total of 22 significant markers overlapping 
between GWAS and FST (Table 1). Only one marker (rs424278570 located on OAR14) was jointly 
identified by Rsb and GWAS approaches. Furthermore, the Rsb analysis revealed a marker 
(rs418104278 on OAR19) mapping within a gene (ERC2) also pinpointed by a SNP (rs415175980) 
detected as significant in both GWAS and FST analyses. Interestingly, three markers identified by 
the Rsb metrics were located near (< 2 Mb) to the candidate regions identified by GWAS and FST 
analyses. These are rs429736819 (OAR7: 21626745 bp), rs424278570 (OAR14: 26560976 bp) and 
rs418104278 (OAR19: 45450421).
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To identify the genomic regions that were most commonly associated with ROHs, the top 0.9999 
SNPs of the percentile distribution of the locus homozygosity range were chosen as an indicator of 
a possible ROH hotspot in the genome (ROH islands) (Figures S1 and S2, for SW and SAB, 
respectively). Table 2 provides the chromosome position, the start and the end of these genomic 
regions. In total, eight ROH islands were observed within the two sheep breeds (four for each 
breed). Among these, one ROH island located on OAR19 (32,783,036-37,137,264 bp) was common 
to both breeds. Interestingly, this interval includes rs422859361, a candidate SNP identified by both 
GWAS and FST analyses (Table 1), and harbors uncharacterized (LOC) and known genes 
(FAM19A4, FAM19A1, SUCLG2, KBTBD8, LRIG1, SLC25A26, MAGI1, ADAMTS9, PRICKLE2).
4. DISCUSSION
In this study, we identified several genomic regions where two closely related sheep breeds from 
Sardinia, SAB and SW, displayed significant differentiation by using one or more metrics. Indeed, 
considering the greater power in limiting the number of false positive signals offered by the parallel 
adoption of more than one methodology, three different approaches have been used in this study. 
Hence, a composite method combining different detection approaches ensuring complementary 
information is considered an effective strategy for identifying selection signatures with different 
features (Grossman et al., 2010). The FST test compares the variation of allele frequencies within 
and between populations, and the locus that shows the largest differences in allele frequencies 
between populations is assumed to be a signal of selection. The Rsb statistic has high power 
towards strong selection sweeps that have undergone fixation (Tang et al., 2007). Indeed, the Rsb 
metric is able to show the presence of selective sweeps resulting in complete fixation of some 
alleles in one population relative to the other. Given the conservative nature of extended haplotype 
homozygosity-based methods, our Rsb analysis yielded a lower number of significant markers 
compared to FST method which typically suffers from bias and false positives (Qanbari and 
Simianer, 2014; Purfield et al., 2017). There were no overlaps between the selected regions 
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identified with Rsb and those detected with FST which is mainly due to the fact that FST test is more 
efficient for detecting ancient positive selection, whereas Rsb is more suitable for detecting 
signatures of recent selection (Ahbara et al., 2019). Compared to allele frequency difference, 
extended haplotype homozygosity persist for relatively short periods of time before being broken 
down by recombination (Sabeti et al., 2006). Therefore, the observed results for the two Sardinian 
breeds may be simply the consequence of using different algorithms looking at the same data from 
different perspectives. Bahbahani et al. (2017) showed that the two common approaches (inter-
population Rsb and FST), used to identify signatures of positive selection in East African Shorthorn 
Zebu, did not produce overlapping signals. The authors interpreted the observed absence of overlap 
between Rsb and FST analyses as a possible consequence of the selection time-scale. Also, Makina 
et al. (2015) reported that the two approaches did not produce overlapping signals, and that the FST 
could detect different types of signals compared to the haplotype metrics. In fact, Manunza et al. 
(2016), in a study where BayeScan and a haplotype-based approach (hapFLK) were used, showed 
overlapping FST-outlier signals with other studies on the same breeds, but failed, within the study, 
to detect overlapping regions between FST and hapFLK signals. Another possible explanation for 
the observed  discrepancies reported here between Rsb and FST metrics may be related to 
differences in sensitivity to distortions caused by the different demographic histories of the two 
breeds, such as bottlenecks and differences in the effective population size. For example, although 
the FST is commonly used for selection scans, it is prone to produce false positives when, as in this 
case, the populations have an unequal effective population size (Fariello et al., 2014). Ciani et al., 
(2014) reported a lower effective population size, 50 generations ago, for SAB (303) compared to 
SW (456). On the other hand, the integration of various detection methods is supposed to increase 
detection sensitivity of genomic regions involved in phenotypic differentiation. 
The SW and SAB sheep belong to coarse-wool breeds of the western Mediterranean. While SW has 
been selected mainly for milk production during the last century, SAB was not involved in any 
official selection program and its number has declined, thereby making it at risk of extinction. 
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Despite phenotypic differences, the two Sardinian breeds share a similar genetic background (Ciani 
et al., 2014; Mastrangelo et al., 2014). This aspect tends to minimize the confounding effects due to 
genetic divergence, and allowed us to adopt a GWAS with a case–control model, generally applied 
to identify genes affecting phenotypic variations within the same breed, especially for qualitative 
traits or when few genes control the trait of interest. In sheep, GWAS case-control studies have 
been carried out to map candidate genomic regions for coat color in two different ecotypes from the 
same breed (e.g. Kijas et al., 2013; Mastrangelo et al., 2019; Muniz et al., 2016). Typically, all these 
studies reported few associated markers. In our research, the fact that two distinct breeds were 
compared using a GWAS case-control approach, probably led to the identification of a large 
number of significant markers. Anyway, the genome-wide scan performed here by comparing 
relatively close populations, such as Sardinian breeds, is unlikely to be confounded by demographic 
history and ascertainment bias. Among the most significant SNPs identified in the GWAS analysis, 
the first one, rs161255946 (at position 42,854,458 bp on OAR19) was located within ACOX2 gene 
involved in growth (Cao et al., 2017) and lipid metabolism pathway (Lim et al., 2015). This marker 
was also identified as significant by the BayeScan approach. Another candidate marker for 
phenotypic differentiation is rs405180718 on OAR14 (at position 14,415,727 bp), located 230.2 kb 
away from MC1R, a well-known gene that plays a central role in regulation of animal coat color 
(Våge et al., 1999). A previous case-control GWAS performed in the Morada Nova sheep breed 
using animals with different coat colors, identified 7 significant SNPs located in or near MC1R 
(Muniz et al., 2016). The same results were reported by Kijas et al. (2013) in the Manchega sheep 
(with black and white animals), where the most significant SNP in the GWAS was also the closest 
to MC1R gene. Using the FLK and hapFLK approaches, the MC1R region was also identified as 
responsible for the differentiation of the coat color phenotype in sheep by Fariello et al. (2014). In 
this study, the authors reported that the gene was not very close to the maximum of the signal 
detected in two different groups (northern European and Italian). However, the presence in both 
groups of breeds with black skin or coat color (the Irish Suffolk and the Sardinian Ancestral Black, 
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respectively) supported the involvement of MC1R in the observed coat color variation. Therefore, 
based on the above information, MC1R seems to represent a good candidate involved in the 
phenotypic differentiation between the two Sardinian breeds. Kumar et al. (2018), in a similar 
setting (a GWAS case/control for coat color in Pakistani goat breeds) also identified a coat color-
related gene as the most striking signal in which a strongly significant SNP was located near the 
EDNRA, a newly identified color-related gene in goat (Menzi et al., 2016). The potential role of the 
significant marker for coat color, makes it a promising sign. However, more research will be 
necessary to provide further evidence on the role of this marker in coat color variation in Sardinian 
breeds. In studies where there are genotyping data but not individual phenotypes, it is difficult to 
ascribe a particular signal to a specific phenotypes. Despite the lack of individual phenotypes and 
the small sample size, our GWAS case-control study was effective for identifying variants 
potentially associated with phenotypic differentiation in Sardinian sheep. Therefore, as well as 
reported by Muniz et al. (2016), our findings confirmed the reliability of this method, in particular 
when the animal tested are easily phenotyped (e.g. coat color or body size), as in our case. 
We also used BayeScan to identify candidate loci under selection based on the differences in allele 
frequencies between the two breeds. In agreement with Ciani et al. (2014), the average FST value 
across all SNPs was low indicating, as expected, low genetic differentiation between the two 
Sardinian breeds. Under this scenario, a locus displaying a relatively high FST value provides better 
evidence for selection signature than the same value observed when contrasting two distantly 
related populations, where the average FST value across all SNPs is expected to be higher (Fariello 
et al., 2013). Therefore, any SNP showing high allele-frequency divergence between the two breeds 
should be considered as a highly relevant candidate marker. In our study, the highest FST value was 
moderate (0.247), suggesting either that a weak selection pressure acted on the significant loci 
and/or that additional loci may affect the considered traits. The sign of α was always positive 
indicating that, in all cases, we had detected the effects of diversifying selection (Manunza et al., 
2016). Using the FST-based method, we identified a total of 13 candidate genes showing evidence of 
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selection. The signal on OAR5 (24,174,062 bp) was identified within the MEGF10 gene, which, 
together with myogenin, regulates the satellite cells’ myogenesis in skeletal muscles (Park et al., 
2014). On OAR 19, in a cluster of two significant adjacent SNPs, two genes are mapped: BAP1 
involved in reproduction in boar (Moe et al., 2009) and DNAH1, associated with dysplasia of the 
sperm fibrous sheet (Sha et al., 2017), several flagellar defects and asthenozoospermia (Coutton et 
al., 2018) in humans. The remaining 10 genes are located in genomic regions identified by both 
approaches. In fact, as reported in Table 1, there was a substantial positional concordance between 
the results detected by GWAS and BayeScan. The overlap between these two approaches provide 
good evidence that the identified regions are strong candidates for the phenotypic difference 
observed between the two breeds. Since these methods are based on different assumptions, the 
identification of overlapping regions adds to the credibility of the results while reducing the risk of 
false positive results. These genomic regions included several candidate genes with diverse 
biological functions. In what follows, we will focus our discussion only on a few of the most 
relevant genes, with emphasis on those that are related to  specific livestock traits. The first relevant 
gene is SCYL2, associated with decreased body weight in sheep (Kominakis et al., 2017). As 
reported above, SAB shows a smaller body size compared to SW. Also, the CDS1 gene can be 
regarded as a good candidate because this gene was previously shown to be involved in the ear 
development in sheep (Gao et al., 2018). It is worth noting that SAB is particularly characterized by 
microtia or anotia. Candidate genes involved in body size were also identified, such as ACOX2, 
(which contained one of the top five outlier SNPs identified in the GWAS) and PTPRG, for which 
functional studies in mouse showed a significant association with body weight and bone mineral 
density (Klein et al., 1998). Mutations in genes involved in body size may explain, in part, the 
morphological difference between the two breeds. Such genes have been found within candidate 
genomic regions related to differentiation between several sheep breeds (Kijas et al., 2012; Fariello 
et al., 2013; 2014; Mastrangelo et al., 2019). In the present study, ERC2 was the only gene 
identified by combining the results obtained from the three methods (GWAS, FST and Rsb). This 
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gene is involved in the neurotransmitter release at the nerve terminals active zone (Takao-Rikitsu et 
al., 2014) and was shown to be related with behavior traits (Dong et al., 2015). Based on copy 
number variant analysis, this gene was shown to be duplicated in all domestic goat breeds while it 
has only one copy in the wild goats, suggesting that positive selection of nervous systems-related 
genes may be a significant feature in animal domestication (Dong et al., 2015). Indeed, behavioral 
changes, such as reduction in fear and increase in sociability, are believed to have been selected 
during domestication (MacHugh et al., 1997) and all along the subsequent population history. 
Another method for detecting signatures of selection, but based on intra-population analysis, is the 
identification of high-homozygosity regions. Since ROHs are normally abundant in regions under 
positive selection, their accumulation at specific loci, or islands, has been used to identify genomic 
regions that reflect directional selection in livestock species (Qanbari and Simianer, 2014; Purfield 
et al., 2017; Mastrangelo et al., 2017). Therefore, we also checked if our candidate regions involved 
in the differences between the two breeds ove lapped with regions of high-homozygosity. Only one 
candidate marker, which was significant in both GWAS and FST analyses, and mapping to the 
LOC105603460 (uncharacterized gene), appeared in the ROH island on OAR19, shared between 
the two breeds. However, in this ROH island, several candidate genes involved in important traits 
were identified, such as FAM19A1, associated with somatic cell score in cattle (Strillacci et al., 
2014) and MAGI1, affecting mammary gland development and milk production traits (Venturini et 
al., 2014; Taye et al., 2017). Within the overlapping genomic regions, reported in Table 2 and 
involved in the phenotypic differentiation between the two breeds, no candidate gene associated 
with dairy traits has been identified. This is probably due to either the polygenic inheritance of such 
traits or the absence of significant genomic differences between the two populations (because these 
traits are under selection, with different intensities, in both populations).
In summary, the two analyzed populations differ for several phenotypic traits, and genes that are 
involved in these traits (stature and growth, reproduction, ear size, coat color, behavior) were 
detected. Despite the limited number of genotyped animals and the low-density array used, the 
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combination of different approaches provided insights into  the genomic regions involved in the 
phenotypic differentiation between the two Sardinian sheep breeds. Importantly, the results 
described here were obtained through a low-density array. It is possible that some important 
genomic regions involved in the phenotypic differentiation might not have been identified.
5. CONCLUSION
In this study we identified genomic differences between SW and SAB. We showed that the scan of 
the genome by comparing relatively close populations can be useful to identify genes that are likely  
responsible for the phenotypic diversity, and to minimize the confounding effects due to genetic 
distances. Therefore, although the two Sardinian breeds were considered in the past to be the same 
population and are characterized by a low genetic divergence, this study reported the potential 
candidate genes involved in their differentiation. In future studies, the high-density SNP chip and an 
increase in the number of genotyped animals would be particularly relevant to refine and validate 
these results. However, whereas our study describes an application on the Sardinian breeds, the 
methodological approach adopted here is valid and can be extended to any breed pair with a similar 
genetic background and a marked phenotypic differentiation.
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The data that support the findings of this study for SAB are available by the International sheep 
genomics consortium (http://www.sheephapmap.org/hapmap.php) on request, whereas the data for 
SW are available on request from the corresponding author
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FIGURES
FIGURE 1 a) Manhattan plot of the P-values observed in the genome-wide association study 
(GWAS). The red lines indicate the threshold genome-wide significance (P < 0.01); b) Manhattan 
plot of the –log10 q-values generated by BayeScan. The red line indicates the threshold of 
significance set at 0.05; c) Manhattan plot of the p-values in the Rsb metric. The red lines indicate 
the threshold of significance for the Rsb values (p-value of 0.001)
Supporting information
TABLE S1 List of significant single nucleotide polymorphisms (SNPs) identified in the genome-
wide association study (GWAS)
TABLE S2 List of significant single nucleotide polymorphisms (SNPs) identified using the FST- 
outlier method implemented in BayeScan. SNPs that were consecutive, or separated by less than 3 
markers, are highlighted in yellow
TABLE S3 List of significant single nucleotide polymorphisms (SNPs) identified by the Rsb 
metric. SNPs that were consecutive, or separated by less than 3 markers, are highlighted in yellow
FIGURE S1 Regions of homozygosity in the Sardinian White breed. The threshold used to detect 
high-homozygosity regions is indicated by a black line
FIGURE S2 Regions of homozygosity in the Sardinian Ancestral Black. The threshold used to 
detect high-homozygosity regions is indicated by a black line
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TABLE 1 Overlapping markers identified by GWAS and FST. When markers were located within 
genes, these are indicated
OARa SNPb Position (bp) Gene
2 rs398420874 47,927,284 LOC105607546
3 rs408105523 22,763,688
3 rs424150608 148,024,392
3 rs427167993 169,042,214 SCYL2
3 rs420278266 177,496,439
4 rs406462704 56,275,702 DOCK4
6 rs426083430 3,402,636
6 rs423215427 98,845,892 CDS1
7 rs411214670 20,811,292
9 rs422672574 25,844,519 LOC105612749
9 rs425208968 27,072,351
14 rs411749136 11,701,174
14 rs430712050 27,180,938
14 rs405148195 27,199,236
17 rs403993872 2,057,117
17 rs402460587 27,614,573
19 rs422859361 34,773,798 LOC105603460
19 rs414582763 39,796,086 PTPRG
19 rs161255946 42,854,458 ACOX2
19 rs415175980 45,032,354 ERC2
20 rs405160426 45,750,591
24 rs409475430 37,891,468 ANKRD61
aOAR: Ovis aries chromosome number. bSNP: single nucleotid  polymorphisms
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TABLE 2 List of genomic regions of extended homozygosity (ROH islands) identified in the two 
Sardinian sheep breeds
Breeds OAR SNP Start and end (bp)
12 23 11,876,568-12,908,129
16 10 33,798,062-34,192,191
18 42 29,346,907-32,112,583
Sardinian White
19 85 32,783,036-37,137,264
3 108 157,512,008-163,658,748
6 106 66,763,250-72,948,224
14 15 9,317,501-10,368,319
Sardinian Ancestral Black
19 170 29,812,163-39,335,737
aOAR: Ovis aries chromosome number. bSNP: single nucleotide polymorphisms
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Chromosome Position (bp) SNP name P_value
1 66591325 rs409468857 2.68E-08
1 122900636 rs408596383 7.74E-09
1 198312258 rs417671218 2.30E-08
2 47927284 rs398420874 2.28E-08
2 225175905 rs421417863 1.16E-08
2 228019308 rs417589924 1.99E-07
3 22763688 rs408105523 3.15E-08
3 27594227 rs417362410 3.72E-08
3 29986908 rs423781139 6.74E-08
3 92854746 rs398612278 6.74E-08
3 148024392 rs424150608 7.20E-08
3 160545870 rs417499531 1.47E-07
3 169042214 rs427167993 5.92E-09
3 177496439 rs420278266 6.45E-08
3 181101335 rs426051382 2.68E-08
3 213562255 rs398298116 1.36E-07
4 34663801 rs411408168 2.17E-07
4 56275702 rs406462704 2.87E-08
4 71895715 rs418996372 2.36E-08
4 99166048 rs423431812 9.21E-08
4 99200128 rs417821841 5.20E-09
5 9977191 rs414282646 1.03E-07
6 3402636 rs426083430 1.32E-07
6 4948086 rs427748363 1.27E-07
6 98845892 rs423215427 5.51E-09
7 20156415 rs430775591 1.01E-07
7 20811292 rs411214670 8.75E-08
7 31656722 rs407412867 7.14E-08
7 38561831 rs415369102 1.16E-08
8 405824 rs424054688 2.18E-07
8 2936293 rs413754362 2.68E-08
8 56742211 rs407108963 1.11E-07
9 25844519 rs422672574 4.51E-09
9 27072351 rs425208968 3.27E-08
9 63915348 rs425592098 1.91E-07
9 90462789 rs416825104 1.83E-07
10 20538098 rs398474551 6.74E-08
11 24269502 rs425757333 1.71E-07
11 29162190 rs161051069 2.17E-07
11 35586149 rs401682711 3.25E-09
11 37212531 rs407799431 6.74E-08
11 44635466 rs407965241 2.09E-07
13 18341603 rs413539939 1.71E-07
14 11701174 rs411749136 1.52E-09
14 11971405 rs401692562 1.54E-07
14 14415727 rs405180718 2.73E-10
14 15755161 rs412359555 3.92E-08
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14 25655784 rs423019608 9.31E-08
14 26560976 rs424278570 3.25E-09
14 27180938 rs430712050 1.84E-09
14 27199236 rs405148195 2.19E-11
14 43611957 rs407764030 1.71E-07
14 56316273 rs407608052 3.52E-08
16 21929814 rs426050436 2.95E-08
17 2057117 rs403993872 1.15E-09
17 27614573 rs402460587 1.42E-11
17 34707079 rs412057296 2.68E-08
19 34773798 rs422859361 4.51E-09
19 34850021 rs425204419 5.37E-08
19 36660650 rs420862257 1.03E-07
19 39796086 rs414582763 1.16E-08
19 42854458 rs161255946 1.23E-10
19 45032354 rs415175980 2.24E-07
19 58226131 rs407544510 3.61E-08
20 42010952 rs398236174 1.71E-07
20 45750591 rs405160426 1.97E-07
24 37891468 rs409475430 1.32E-07
25 30343144 rs423533020 2.22E-07
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log_10(p-value) Gene
-7.572517697
-8.111368804
-7.637692529
-7.642538054 LOC105607546 
-7.93454515 SERPINE2
-6.701457879
-7.501906672
-7.429057253
-7.171117156
-7.171117156 NAGK
-7.142643974
-6.832544759
-8.228026396 SCYL2
-7.190740926
-7.572517697
-6.868056759  LOC105614868
-6.663700013
-7.542847047 DOCK4
-7.627239844
-7.0356138 NUP205
-8.284253049 NUP205
-6.988931094
-6.880636893
-6.894730725
-8.25890779 CDS1
-6.994968607 C7H15orf59  
-7.05821732
-7.146174734
-7.93454515
-6.661978779 CD109 
-7.572517697
-6.954181322 ENPP3 
-8.345839178 LOC105612749
-7.485836943
-6.718598182 CSMD3 
-6.738573224 RALYL
-7.171117156
-6.766805965  ZZEF1
-6.663474929 LOC101113508
-8.487993569
-7.171117156
-6.679875936
-6.766805965
-8.819095172
-6.813264761
-9.563623984 Near MC1R, 230.2 Kb as distance
-7.406485892
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-7.030956991 CNOT1 
-8.487993569
-8.736297708
-10.66030833
-6.766805965  LOC105607560
-7.452852332 LOC106991564
-7.530718869
-8.939987909
-10.84782905
-7.572517697
-8.345839178 LOC105603460
-7.270130494
-6.988931094 LOC105603471 
-7.937268675 PTPRG
-9.909309326 ACOX2
-6.649197253 ERC2
-7.442674008 FBLN2
-6.766805965 GFOD1 
-6.704810502
-6.880636893 ANKRD61
-6.653493459 LOC105605000
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Chromosome SNP name position bp prob log10(PO)
1 rs407145790 17719469 0.898 0.94458
2 rs398420874 47927284 0.989 1.9537
2 rs402843274 141983595 0.894 0.9241
3 rs408105523 22763688 0.936 1.165
3 rs424150608 148024392 0.989 1.9537
3 rs417764325 166261393 0.903 0.96684
3 rs427167993 169042214 0.994 2.1909
3 rs420278266 177496439 0.986 1.854
3 rs399045216 177537314 0.928 1.1114
4 rs413012212 24255452 0.965 1.4455
4 rs406462704 56275702 0.970 1.5036
5 rs421712211 24174062 0.982 1.7368
5 rs422343898 57157316 0.902 0.96585
6 rs426083430 3402636 0.897 0.93892
6 rs55631779 47907387 0.962 1.3986
6 rs423215427 98845892 0.918 1.0501
7 rs411214670 20811292 0.925 1.0885
8 rs429090112 56070614 0.937 1.1738
9 rs422672574 25844519 0.980 1.6857
9 rs425208968 27072351 0.985 1.8114
9 rs424203100 37262526 0.950 1.2805
12 rs55628145 75813935 0.949 1.2696
13 rs418145225 37200463 0.939 1.1903
14 rs427943110 9642785 0.992 2.0933
14 rs411749136 11701174 0.904 0.9728
14 rs430712050 27180938 0.964 1.4252
14 rs405148195 27199236 0.995 2.3166
17 rs403993872 2057117 0.998 2.6565
17 rs402460587 27614573 0.971 1.5186
19 rs422859361 34773798 0.985 1.8173
19 rs420689936 37545190 0.906 0.98187
19 rs414582763 39796086 0.993 2.1644
19 rs161255946 42854458 1.000 1000
19 rs415175980 45032354 0.900 0.95222
19 rs423933957 48469984 0.941 1.2058
19 rs403605348 48493453 0.990 1.9783
20 rs405160426 45750591 0.946 1.24
24 rs409475430 37891468 0.896 0.93332
prob=The posterior probability for the model including selection.
log10(PO)= The  logarithm  of  Posterior  Odds  to  base  10  for  the  model  including  selection.  Note  that  this   value  is  arbitrarily  fixed to  1000  when  the  posterior  probability  is  1
The estimated alpha coefficient indicating the strength and direction of selection. A positive  value of alpha suggests diversifying selection, whereas negative values suggest balancing or  purifying selection.
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qval alpha fst value Gene
0.04372300 1.4594 0.19365 C1H1orf210
0.00673470 1.506 0.19345 LOC105607546 
0.04853600 1.3345 0.1749 SCN7A 
0.02742900 1.3634 0.17595
0.00673470 1.5293 0.19607
0.03844500 1.2865 0.16758
0.00335070 1.5873 0.2047 SCYL2 
0.00744150 1.4985 0.19219
0.02907200 1.3329 0.17236
0.01395600 1.6093 0.21098
0.01266500 1.4399 0.18442 DOCK4
0.00943270 1.6713 0.21863 MEGF10 
0.04023800 1.296 0.16858  SPINK7
0.04537600 1.2906 0.16833
0.01641400 1.4001 0.17963
0.03248900 1.3419 0.17474  CDS1
0.03072800 1.3371 0.17348
0.02596500 1.5554 0.20503
0.01020200 1.5065 0.19345 LOC105612749
0.00871840 1.4813 0.18976
0.01808400 1.3889 0.17868
0.01965200 1.5629 0.20539
0.02443000 1.4129 0.18301 LOC105613247 
0.00470090 1.5637 0.20027
0.03654300 1.3139 0.17125
0.01519200 1.4286 0.18342
0.00233380 1.6173 0.20935
0.00110020 1.8627 0.2468
0.01148200 1.5594 0.20389
0.00812890 1.51 0.19377 LOC105603460 
0.03455400 1.3004 0.16932 ATXN7
0.00404080 1.5626 0.20062 PTPRG
0.00050000 1.7366 0.22597 ACOX2
0.04200800 1.3354 0.17481 ERC2 
0.02285700 1.5594 0.20569 BAP1 
0.00551540 1.5422 0.19783 DNAH1 
0.02123200 1.3912 0.17911
0.04697200 1.2721 0.16638 ANKRD61 
log10(PO)= The  logarithm  of  Posterior  Odds  to  base  10  for  the  model  including  selection.  Note  that  this   value  is  arbitrarily  fixed to  1000  when  the  posterior  probability  is  1
The estimated alpha coefficient indicating the strength and direction of selection. A positive  value of alpha suggests diversifying selection, whereas negative values suggest balancing or  purifying selection.
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The estimated alpha coefficient indicating the strength and direction of selection. A positive  value of alpha suggests diversifying selection, whereas negative values suggest balancing or  purifying selection.
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Chromosome Position (bp) SNP name
1 96204227 rs399092786
3 163307450 rs400218188
3 165353893 rs159872342
3 167314574 rs409608521
7 21626745 rs429736819
7 24164421 rs420899073
7 24960904 rs422366577
7 29293581 rs420044615
7 30429692 rs411574961
11 47850580 rs417581560
14 24223715 rs428290144
14 24280892 rs407226100
14 26361326 rs411718263
14 26560976 rs424278570
19 45450421 rs418104278
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Rsb LOG10 (p-value) Gene
3,186531313 3,142697965
3,272431607 3,273164165
3,090255334 3,000033674 ELK3
3,238474189 3,221230703
3,32674446 3,357204639 SLC7A7
3,103856844 3,019960861
3,122928855 3,048028927
3,309092101 3,329758594 C7H15orf41
3,108684694 3,027052023
3,605037539 3,806725357
3,148340908 3,085656644 NUP93
3,141142525 3,074971393 SLC12A3
3,134541535 3,065191379
3,251542264 3,241161092
3,132366514 3,061972742 ERC2
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